A rotavirus (RV) nonstructural protein, NSP4, has recently been proposed to function as an enterotoxin in the pathogenesis of RV diarrhea. The role of NSP4 in the pathogenesis of RV diarrhea was examined by infecting cystic fibrosis transmembrane conductance regulator (CFTR) knockout mice with virulent murine RV and by comparing deduced amino acid sequences of RV gene 10 encoding NSP4 from three distinct sets of virulent and tissue culture -adapted avirulent variant RVs. Homozygous CFTR (CFTR0/0) mice, which do not respond to any known intestinal secretagogues, experienced diarrhea comparable to that in normal CFTR/// littermates after RV challenge. Comparison of amino acid sequences of NSP4 from virulent and attenuated pairs of RVs failed to show consistent or significant changes. Together, these data suggest that enterotoxigenic properties of RV NSP4 are not critical in the pathogenesis of murine RV diarrhea and that attenuation of murine RVs is not usually mediated by mutations in the gene encoding NSP4.
Rotavirus (RV) is a very significant cause of severe diarrhea two approaches. First, we studied murine RV diarrhea in cystic fibrosis transmembrane conductance regulator (CFTR) knockin infants and in a variety of young animals. RV lytically infects mature villus enterocytes in the small intestine. The out mice, which are resistant to other enterotoxins, such as cholera toxin [4] , and have no known calcium-modulated chlomost widely accepted hypothesis for the pathogenesis of RV disease has been that the loss of large numbers of villus absorpride channel in their intestinal epithelium [5, 6] . Second, we compared the predicted NSP4 amino acid sequences from 3 tive cells leads to diarrhea by two mechanisms: malabsorption of nutrients, such as lactose, with subsequent osmotic diarrhea distinct sets of murine wild-type (virulent phenotype) and tissue culture -adapted (attenuated phenotype) variant RVs. and perturbation of the normal balance between crypt secretion and villus absorption of salt and fluid (reviewed in [1] ).
It was proposed recently that NSP4, a nonstructural RV protein Materials and Methods that is produced by infected cells, could function as a viral enterotoxin [2] . Much of the described toxigenic activity of NSP4 could Hill, NC). They were produced by introducing an in-frame stop to be capable of inducing a calcium-mediated increase in apical codon in the coding sequence of exon 10 at aa 489 (S489X) [7] . Our colony was developed in specific pathogen-free and RV-free chloride secretion by intestinal epithelial cells as well as diarrhea conditions. Mice were tested regularly for the presence of antiin suckling but not adult mice. Antibodies directed against NSP4 RV IgA in stools.
reduced diarrhea in mouse pups that had been inoculated with in RV pathogenesis in a homologous murine system, we used primers 5-ACACTGCTCGAGGGCTAGCCTCTTC-3 and 5-CAGTGAAGCTGAGACTGTGAGCTT-3. PCR amplification was typically done in 20 mL containing 3 mL of DNA, 0.4 mg RV diarrhea, we would expect homozygous (CFTR0/0) and when possible. Shedding of RV in stools was detected by ELISA perhaps heterozygous (CFTR//0) CFTR knockout mice to [8] . PCR genotyping of previously obtained mouse tails was done have a reduction in the severity and duration of diarrhea after after completion of the experiments. inoculation with virulent murine RV, as is the case with the Viruses. Simian rhesus RV (RRV) and murine RV preparation, CFTR mouse in response to cholera toxin [4] .
tissue culture adaptation, titration in animals, and titration by
The results of our experiments are shown in table 1. Al-ELISA were done in our laboratory as described previously [8] .
though the CFTR0/0 knockout mice had a 1-day delay in the Wild-type viruses were obtained from homogenized suckling onset of diarrhea, the duration and degree of diarrhea were mouse intestine and were never cultivated in vitro. Tissue culturesimilar to that observed for the normal and heterozygous mice.
adapted strains were initially passaged several times in primary All surviving mice had diarrhea at some point during the study.
AGMK cells and subsequently in MA 104 cells. DD 50 s were determined after infection of 4-to 6-day-old pups with 100 mL of serial CFTR0/0 mice that were scored negative for diarrhea on days dilutions of viruses. In similar experiments, we found that 10 7 pfu of heterologous For RT, 1 mg of the viral double-stranded RNA and 0.2 mg of simian RRV induced diarrhea in 4 of 4 CFTR0/0 suckling 3 oligomer were treated with 1 mL methyl-mercuric hydroxide mice. As in the case of virulent murine RV, the severity and littermates (data not shown).
used as described in the kit. cDNA synthesis was done at 42ЊC
A second set of experiments was done to examine whether for 30 min, and then 5 mL of each sample was used in the subse-NSP4 amino acid sequence changes correlated with altered quent PCR.
virulence of RVs. Three previously described, distinct, virulent
The PCR procedure was done in 30 cycles, with a three-step murine virus strains were compared by sequence alignment of program consisting of 94ЊC for 1 min, 50ЊC for 1 min, and 72ЊC for 2 min. A PCR-amplified, 715-bp DNA fragment was purified the gene 10 product with tissue culture -adapted, attenuated by electrophoresis in 1.2% agarose gel and extracted using the variants of each strain [8] . As shown in culture passage -mediated attenuation of virulence [3] . The
Because the viruses were not plaque-purified and because gene 10 NSP4 mutations from other regions in attenuated murine viwas not cloned prior to sequence analysis, the sequences that were ruses had no consistent pattern. None of the amino acid changes obtained were a consensus of the viral genotypes within the sample.
caused any changes in predicted secondary structure, pI, or hydrophobicity, as predicted by DNASIS (data not shown). Furthermore, review of 19 GenBank RV NSP4 sequences and Results our murine NSP4 sequences shows that the aa 131 -140 sequence of NSP4 is hypervariable (30% -70% variability). Because results varied when we attempted to induce diarrhea in suckling mice injected intraperitoneally or directly in the There was no correlation of the NSP4 amino acid sequence with virulence in mice (data not shown). intestinal lumen with NSP4 114 -135 peptides, we elected to focus our studies on the in vivo role of NSP4 in the pathogenesis of diarrhea in mice infected with murine RV. Several studies using Discussion human intestinal tissues from cystic fibrosis patients and studies using CFTR knockout mice have shown that CFTR appears to NSP4 is a nonstructuctural RV protein that has been associated with final assembly of the outer capsid of intracellular be the only calcium-modulated Cl 0 channel in the small and large intestinal epithelia [6] . Thus if calcium-mediated Cl be cytotoxic and to increase intracellular calcium [9] . Further lack calcium-or cyclic nucleotide -sensitive Cl 0 channels in their intestinal epithelium [5, 6] . Homozygous CFTR(0/0) studies showed that purified recombinant NSP4 applied to the exterior of insect cells led to increased intracellular calcium knockout mice have shown an absence of intestinal Cl 0 secretion to a variety of drugs that normally provoke Cl 0 secretion [10] . This calcium flux was abrogated by pretreatment of cells with an inhibitor of phospholipase C. In subsequent in vivo by increasing intracellular cAMP or calcium. Furthermore, CFTR0/0 and CFTR//0 animals show significantly destudies, Ball et al. [2] found that NSP4 and the NSP4 114 -135 peptide induced diarrhea in suckling but not adult mice [2] . In creased fluid secretion when challenged with an actual enterotoxin from vibrio cholerae [4] . Our working hypothesis was those studies, intestinal epithelia from young mice mounted in Ussing chambers also responded to extrinsically applied that if the putative viral enterotoxin played an important role in RV diarrhea, then CFTR0/0 mice would have a dramatic NSP4 114 -135 with an increase in Cl 0 current. Ball et al. [2] proposed that NSP4 functions as a viral enterotoxin in vivo reduction in the severity of diarrhea and CFTR//0 mice might have an appreciable reduction. Such findings would also supand accounts for diarrhea during RV infection.
The ideal experiment to test the viral enterotoxin hypothesis port the previously stated hypothesis that CFTR mutations exist with such high frequency in the human population because the would be to manipulate the RV gene encoding NSP4. Unfortunately, reverse genetic techniques are not available for doubleheterozygous state offers protection from diarrheal disease [4] . We found, except on the first day after inoculation, that stranded RNA viruses, such as RV. Therefore, we used a genetically altered host, the CFTR knockout mouse. These animals CFTR0/0 pups experienced diarrhea at a similar frequency 
Sequence changes are depicted with 1-letter symbols for strain EWw. Dashes indicate same amino acid as in EWw reference sequence. DD 50 , reciprocal dilution causing diarrhea in 50% of inoculated pups; SD 50 , reciprocal dose causing shedding of viral antigen in 50% of adult mice; ELISA, reciprocal ELISA [8] titer of virus preparation used in DD 50 and SD 50 studies.
to heterozygote (0//) and normal (///) littermates (table We conclude that in the pathogenesis of RV diarrhea in mice, it is unlikely that NSP4 plays a dominant role as an 1). We attribute the 1-day delayed onset of diarrhea in the homozygous knockouts to the chronic low-grade intestinal enterotoxin functioning via intracellular calcium modulation of the CFTR. While the role of NSP4 as an enterotoxin in human obstruction found in CFTR0/0 mice. Disease in the heterozygote mice was entirely indistinguishable from that in their infants cannot be defined by the present studies, it is perhaps noteworthy that cystic fibrosis patients may experience dehynormal littermates.
Interpretation of our results is somewhat obscured by the drating diarrhea with RV infection (Bass D, personal observation). fact that CFTR0/0 mice (because they lack intestinal Cl 0 and fluid secretion) are extremely obstipated and frequently die from intestinal obstructions due to inspissated secretions. Despite this inherent antidiarrheal state, every CFTR0/0 mouse
